Despite being substantially outnumbered by intracortical inputs on thalamorecipient neurons, thalamocortical projections efficiently deliver acoustic information to the auditory cortex. We hypothesized that thalamic projections may achieve effectiveness by forming synapses at optimal locations on dendritic trees of cortical neurons. Using two-photon calcium imaging in dendritic spines, we constructed maps of active thalamic and intracortical inputs on dendritic trees of thalamorecipient cortical neurons in mouse thalamocortical slices. These maps revealed that thalamic projections synapse preferentially on stubby dendritic spines within 100 m of the soma, whereas the locations and morphology of spines that receive intracortical projections have a less-defined pattern. Using two-photon photolysis of caged glutamate, we found that activation of stubby dendritic spines located perisomatically generated larger postsynaptic potentials in the soma of thalamorecipient neurons than did activation of remote dendritic spines or spines of other morphological types. These results suggest a novel mechanism of reliability of thalamic projections: the positioning of crucial afferent inputs at optimal synaptic locations.
Introduction
Reliability and temporal precision of stimulus delivery to the sensory neocortex are essential for timely and accurate representation of the external world in the brain. In mammals, the thalamocortical pathway provides effective delivery of sensory information to the sensory neocortex (Ferster et al., 1996; Brecht and Sakmann, 2002; DeWeese et al., 2003) , i.e., neurons in thalamic nuclei send axons to the sensory cortices, in which they synapse on neurons in the cortical middle layers (McGuire et al., 1984; Chiaia et al., 1991; Sherman and Guillery, 2002) . Neurons in these layers also receive intracortical (IC) inputs (McGuire et al., 1984; Ahmed et al., 1994 ) that substantially outnumber the thalamic (Th) inputs (Benshalom and White, 1986) . Nonetheless, Th projections reliably deliver information to thalamorecipient neurons (Rose and Metherate, 2005) and are considered the most powerful projection system in the mammalian brain (Stratford et al., 1996; Gil et al., 1999) .
Previous studies have presented various models of reliability of thalamocortical pathways, including high-efficacy (Stratford et al., 1996; Gil et al., 1999; Amitai, 2001) , larger synapses (Nahmani and Erisir, 2005) or low-efficacy synapses that require cortical amplification (Douglas et al., 1995; Lübke et al., 2000) or synchronization (Bruno and Sakmann, 2006) . In all of these studies, the subcellular distributions of Th and IC inputs along dendritic trees of thalamorecipient neurons has been presumed to be random; however, this assumption has never been verified. Here we hypothesized that Th inputs synapse at preferred locations on dendritic trees of thalamorecipient neurons, thus providing an additional mechanism of thalamocortical reliability.
Thalamorecipient neurons have complex dendritic trees composed of many dendrites with thousands of dendritic spines that are the sites of synaptic inputs. Dendritic branches extend hundreds of micrometers from the soma, and, according to cable theory (Rall, 1967) , if not compensated (Magee and Cook, 2000; Nicholson et al., 2006) , distal inputs may have less influence than proximal inputs over soma depolarization and eventually over action potential generation (Spruston et al., 1993; Stuart and Spruston, 1998; Williams and Stuart, 2002; Nevian et al., 2007) . Moreover, even at the same distance from the soma, synaptic activation of morphologically diverse spines may produce different postsynaptic responses (Matsuzaki et al., 2001; Noguchi et al., 2005) . Therefore, reliability of detection of sensory information by thalamorecipient neurons may be the outcome of the pattern of numerous inputs converging on dendritic trees of these neurons. To reveal this connectivity pattern, one must explore the spatial distributions of active Th and IC inputs on the dendritic branches of thalamorecipient neurons.
Previous works have established the general rules of connectivity between brain areas and groups of neurons in the auditory system (Read et al., 2002; Winer et al., 2005; Lee and Winer, 2008a,b,c) . However, more precise patterns of connectivity, specifically the subcellular distributions of active synaptic connections converging on single neurons, are unknown. Attempts to solve this problem have relied mostly on neuroanatomical methods that detect putative synapses (Ahmed et al., 1994; Anderson et al., 1994) . However, the proximity between axon terminal and dendritic spine does not guarantee that a site is an active, functional synapse (Stepanyants and Chklovskii, 2005) . To localize active synapses, we used two-photon calcium imaging in individual synaptically responsive dendritic spines. Locations of all identified inputs were compiled to construct maps of active Th and IC inputs on dendritic trees of excitatory thalamorecipient neurons in the mouse auditory cortex (ACx). These composite maps revealed that Th inputs occupy select locations and dendritic spine types on dendrites of thalamorecipient neurons. Two-photon photolysis of caged glutamate (two-photon glutamate uncaging) at these sites revealed that these two factors, spine proximity to the soma and morphology of dendritic spines, contribute to the reliability of thalamocortical projections.
Materials and Methods
Animals. Young adult male C57BL/6J mice (3-4 weeks old; The Jackson Laboratory) were used in all of the experiments. The care and use of animals were reviewed and approved by the Institutional Animal Care and Use Committee of St. Jude Children's Research Hospital. The mice did not possess any deficit in detecting acoustic information; the auditory-evoked brainstem responses seen in C57BL/6J mice were indistinguishable from those observed in CBA/J mice (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Brain slice preparation. Acute thalamocortical slices (400 m) containing the ACx and the portions of the ventral part of the medial geniculate nuclei (MGv) of the thalamus were prepared as described previously (Cruikshank et al., 2002) . In some experiments, horizontal or coronal slices containing the ACx were prepared. Briefly, mouse brains were quickly removed and placed in cold (4°C) dissecting artificial CSF (ACSF) containing 125 mM choline-Cl, 2.5 mM KCl, 0.4 mM CaCl 2 , 6 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 20 mM glucose (285-295 mOsm), with 95% O 2 /5% CO 2 . Primary thalamocortical slices were obtained from the left hemisphere using a diagonal cut at 15°, as described previously (Cruikshank et al., 2002) . Primary slices were distinguished from shell slices by visual inspection during the slicing procedure (Verbny et al., 2006) . In primary slices, the hippocampus was elongated rostrocaudally, the fimbria/fornix was present, and the lateral geniculate nucleus and MGv were clearly visible. After a 1 h incubation in recording ACSF [125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 10 mM glucose (285-295 mOsm), with 95% O 2 /5% CO 2 ] at room temperature, the slices were transferred into the recording chamber and superfused (2-3 ml/min) with warm (30 -32°C) low Mg 2ϩ (0.2 mM MgCl 2 ) ACSF containing 2-3 M 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX). In twophoton glutamate uncaging experiments (except in Fig. 2) , NBQX was omitted and 1 mM MgCl 2 was used.
Whole-cell electrophysiology. Whole-cell recordings were obtained from cell bodies of layer 3 (L3) and L4 thalamorecipient neurons. These neurons were chosen within the first 40 -60% of the slice from the pial surface and were visualized using laser-scanning Dodt contrast imaging (Dodt et al., 2002; Yasuda et al., 2004) . Patch pipettes (open pipette resistance, 3-5 M⍀) were filled with an internal solution containing 140 mM KMeSO 4 , 8 mM NaCl, 1 mM MgCl 2 , 10 mM HEPES, 5 mM MgATP, 0.4 mM Na 2 GTP, 5 mM QX-314, 300 M Fluo-5F, and 10 -25 M Alexa 594, pH 7.3. In some experiments, the low-affinity calcium indicator Fluo-5F was replaced with a high-affinity calcium indicator Oregon Green BAPTA-1 (200 -600 M), but no difference in detection of synaptically connected dendritic spines was observed.
Current-clamp recordings were made using a Multiclamp 700B (Molecular Devices), digitized (10 kHz; DigiData 1322A; Molecular Devices), and recorded using pClamp 9.0 software (Molecular Devices). Tungsten bipolar electrodes (FHC) were used to stimulate Th and IC afferents. Th afferents were activated via a stimulating electrode placed either in the superior Th radiation, midway between the MGv and the ACx (rostral to the hippocampus) or immediately near the MGv (Fig. 1a) . IC afferents were activated via stimulating electrodes placed in different cortical layers. Stimulating electrodes used for IC stimulation were located 200 -300 m lateral to the recording electrode (see Fig. 4a1-c1) . Stimulation intensities (100 -300 A) were adjusted in every experiment to elicit 50% of the maximal EPSP. In some experiments in Figure 1 , stimulation intensities were adjusted to elicit near-maximal EPSP (data not shown).
Two-photon imaging. Two-photon laser scanning microscopy (TPLSM) was performed using an Ultima imaging system (Prairie Technologies), a titanium:sapphire Chameleon Ultra femtosecond-pulsed laser (Coherent), and 60ϫ [0.9 numerical aperture (NA)] or 20ϫ (0.95 NA) water-immersion infrared objectives (Olympus). Alexa Fluor 594 and Fluo-5F were included in the internal solution (see above) and were excited at 820 nm. Synaptically evoked changes in fluorescence of both fluorophores were measured in line-scan mode (500 Hz) in spine heads and the parent dendritic shaft. Line scans were analyzed as changes in green (G) (Fluo-5F) fluorescence normalized to red (R) (Alexa Fluor 594) fluorescence (⌬G/R) as described previously . A line-scan was performed through every visible dendritic spine on a targeted dendritic branch in an orientation that was parallel to the dendritic spine neck and orthogonal to the dendritic shaft. In addition, line scans were performed through a long axis of dendritic branches to detect nonspiny synapses (White et al., 1980) . A similar method was used previously to effectively detect excitatory synapses on aspiny neurons (Goldberg et al., 2003) . The threshold for detection of [Ca 2ϩ ] transients was set individually for each spine in a plot of all individual trials (10 -20 stimulations delivered at 0.1-0.2 Hz). Only dendritic spines that showed a clear separation between failures and successes (supplemental Fig. S2a , available at www.jneurosci.org as supplemental material) were included in the analysis. The P ca was measured as a ratio of detected calcium transients (successes) to the total number of stimulations.
At the end of every experiment, the detailed morphology of the dendritic tree of a recorded neuron was reconstructed using Alexa 594 fluorescence. The upper surface of the slice was identified as a transition point between the slice autofluorescent signal and the lack of the fluorescent signal of ACSF. Distances between the slice surface and a recorded neuron were calculated using a digital micrometer (Prairie Technologies). Only neurons with apical dendrites approximately parallel to the surface of the slice were analyzed. Neurons with branches approaching the slice surface or that showed any sign of dissection artifacts were excluded from analysis.
Dendritic spines were identified as protrusions emanating from a dendritic shaft. Spines with distinct heads were classified as "mushroom." These spines have a spine head diameter larger than the diameter of the neck. Spines without distinct heads were classified as "stubby" (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Protrusions without a distinct head that were thinner than 0.3 m and longer than 2 m were classified as "filopodia." Dendritic spines longer than their maximal width were classified as "long," and other spines were "classified as "short." Dendritic branches emanating from the soma were classified as first-order dendrites; these include apical dendrites and major basal dendrites. Dendritic branches originating from the first-order dendrites were classified as second-order dendrites; these include major oblique dendrites, secondary basal dendrites, and major apical tuft branches emerging from the apical dendrite. Dendritic branches originating from the second-order dendrites were classified as third-order dendrites. The point-spread function of the focal volume of two-photon excitation was 300 nm laterally and 1100 nm axially (NA 0.9) based on images of 100 nm fluorescent beads.
Two-photon glutamate uncaging. 4-Methoxy-7-nitroindolinyl-caged L-glutamate (MNI-glutamate) (2.5-5 mM; Tocris Bioscience) was added to the recording ACSF. MNI-glutamate was uncaged using TriggerSync (Prairie Technologies), and 0.2-0.5 ms pulses were delivered from a second titanium:sapphire Chameleon Ultra femtosecond-pulsed laser at 720 nm. The intensity and duration of the uncaging laser was adjusted to mimic miniature spontaneous EPSPs (mEPSPs) (see Fig. 6b ). In all experiments, before each uncaging pulse, an image of the spine was acquired and automatically aligned with a reference image of the spine. The uncaging laser intensity was normalized to the same degree of Alexa 594 bleaching using the previously described method to deliver the same photostimulation power to individual dendritic spines, independent of the depth of the spine in the slice or the refraction index of local tissue (Bloodgood and Sabatini, 2005) .
Once the duration and laser power were adjusted to achieve a 0.4 mV EPSP recorded in the soma (except in Fig. 2) , we delivered six to nine test pulses around the perimeter of a spine head to determine the optimal site (determined as the maximal response) of uncaging. Another test pulse to the center of the spine head determined the level of Alexa 594 bleaching. We then uncaged MNI-glutamate at the optimal site. The level of Alexa 594 bleaching was used to adjust the laser power (but not duration) to other dendritic spines of the same neuron.
All drugs were purchased from SigmaAldrich except NBQX, D-APV, and picrotoxin, which were purchased from Tocris Cookson. All data are represented as mean Ϯ SEM, unless otherwise noted. All statistics were computed using Sigma Plot and Sigma Stat (Systat Software).
Results
Thalamic inputs form active synapses on basal, apical, and oblique dendrites of thalamorecipient neurons within 100 m of the soma To map the active Th and IC inputs, we performed whole-cell recordings from excitatory neurons in the middle cortical layers (L3/4, which are the major input layers of mouse primary ACx) in mouse acute thalamocortical slices. These brain slices contain the ACx and portions of the ventral part of the MGv (Cruikshank et al., 2002) . Electrical stimulation of Th projections (Fig. 1a) evoked monosynaptic EPSPs (Fig. 1b) , indicating that recorded neurons are thalamorecipient neurons. In every experiment, we filled recorded neurons with the cytoplasmic dye Alexa 594 and the calcium indicator Fluo 5F (Oertner et al., 2002) and used two-photon optical imaging (Denk et al., 1990 ) to visualize detailed dendritic morphology ( Fig. 1c ) and synaptically evoked calcium transients (Fig. 1d,e) , respectively. Based on Alexa 594 fluorescence, the majority of recorded thalamorecipient neurons (320 of 325) in the mouse ACx were spiny pyramidal neurons with apical trunks that extended toward the pial surface; the remainder (5 of 325) were stellate neurons that lacked a defined apical dendrite. The abundance of pyramidal neurons and sparsity of stellate neurons were consistent with previously reported data (McMullen and Glaser, 1982; Fitzpatrick and Henson, 1994; Smith and Populin, 2001; Rose and Metherate, 2005) and are recognized as hallmarks of the thalamorecipient layers in the ACx of different species (Lund, 1973; Feldman and Peters, 1978; Smith and Populin, 2001 ). Golgi staining confirmed that spiny pyramidal neurons comprised the majority of stained cells (65.3%, 282 of 432) in the middle layers of the ACx (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material).
Using the line-scan mode of TPLSM in pyramidal thalamorecipient neurons (Fig. 1c) , we systematically looked for monosynaptically connected dendritic spines that responded to synaptic stimulation with increased Fluo 5F fluorescence ( Fig. 1d) . These experiments were conducted in current-clamp mode, in the presence of a low concentration of magnesium (0.2 mM) to relieve the magnesium block from NMDA channels throughout the dendritic tree and therefore facilitate calcium influx through NMDA channels. The AMPA receptor (AMPAR) blocker NBQX was added to the bath solution to ensure the monosynaptic nature of synaptic transmission.
The search for monosynaptically connected active synapses was systematically conducted in all dendritic spines on targeted dendritic branches of thalamorecipient neurons. In a single experiment, we scanned through hundreds of dendritic spines on a few (no more than six) but not all dendritic branches because of the relatively short lifetime (1-2 h) of whole-cell recording. In different experiments, we alternated our search between basal, apical, and apical-oblique (oblique) dendritic branches to avoid bias toward one type of dendrite. During initial screening, we measured calcium responses at dendritic spines in response to a train of high-frequency stimulation (five pulses at 10 Hz). Scanning with high-frequency trains was done to ensure the detection of all active Th inputs, including those that did not respond to low-frequency stimuli, presumably attributable to a low probability of neurotransmitter release at a given synapse. Dendritic spines that responded with calcium transients to high-frequency stimulation were identified as putative sites of active inputs. Once these spines were identified, we delivered several (10 -20) single synaptic stimuli at low frequency (0.1 Hz) to ensure the monosynaptic nature of calcium influx into the spine (Fig. 1d) . During low-frequency stimulation, dendritic spines responded in an allor-none manner, presumably reflecting probabilistic nature of synaptic vesicle release from a cognate presynaptic terminal (supplemental Fig. S2a , available at www.jneurosci.org as supplemental material). Based on low-frequency stimulation, dendritic spines were scored as monosynaptically connected and considered sites of active synaptic inputs if calcium transients were time locked to a single synaptic stimulation, i.e., if they had short onset latencies (no more than 5 ms) (supplemental Fig S2c, available at www.jneurosci.org as supplemental material) (mean Ϯ SD onset latency was 1.3 Ϯ 1.8 ms; n ϭ 67) and were substantially stronger than calcium transients in the parent dendritic shaft, indicating that the calcium transient originated in the spine (Fig. 1e) . Both EPSPs and calcium transients evoked in response to Th stimulation showed low onset latency variability (jitter), an additional indicator of monosynaptic inputs (Fig. 1b) (supplemental Fig. S2a , available at www.jneurosci.org as supplemental material). Thus, the mean Ϯ SD EPSP jitter was 0.41 Ϯ 0.13 ms, and the mean Ϯ SD calcium transient jitter was 1.1 Ϯ 0.9 ms (analyzed for 11 representative neurons for both values). Calcium transients in these dendritic spines were mediated mostly by NMDA channels, because they were blocked by the NMDA channel antagonist D-APV (50 M) (Fig. 1f ) .
To map the active Th inputs onto the dendritic trees of thalamorecipient pyramidal neurons, we combined the partial maps of 31 neurons (Fig. 1g) . The composite map (Fig. 1h) revealed that Th-connected dendritic spines are found on all types of dendrites: 63% were on basal dendrites, 9%, on the apical shaft, and 28% on oblique dendrites (46 spines) (supplemental Fig. S5a , available at www.jneurosci.org as supplemental material). We found that the vast majority (96%, or 44 of 46) of Th-connected dendritic spines were found within 100 m of the soma (perisomatic area) (Fig. 1h,i) .
To ensure that the perisomatic localization of Th-connected dendritic spines was not caused by the slice preparation or our experimental approach, we (1) searched for active synapses specifically in distal parts of dendritic tree (Ͼ250 m from the soma) (27 neurons), (2) examined Th-connected spines in thicker (600 m) thalamocortical slices (11 neurons), and (3) recorded neurons at different depths (50 -200 m) from the slice surface. In addition, in some experiments (10 neurons), we replaced Fluo-5F with the higher-affinity indicator Oregon Green BAPTA-1. We also tested the possibility of GABA-mediated inhibition of Thconnected spines and searched active synapses in the presence of picrotoxin (100 M) (12 neurons). All of these approaches confirmed that Th-connected spines were invariably found only within the perisomatic area of the thalamorecipient neurons.
The failure to detect Th-connected dendritic spines on distal parts of thalamorecipient neurons could have resulted from a low concentration of the calcium indicator or fewer NMDA receptors on distal dendritic spines. To rule out both of these possibilities, we compared the sensitivities of proximal and distal dendritic spines with glutamate. Using two-photon glutamate uncaging (Pettit et al., 1997; Matsuzaki et al., 2001) , we focally released glutamate at individual dendritic spines located either proximally (Ͻ100 m) or distally (175-400 m) from the soma on basal and apical dendrites (Fig. 2a) . We detected calcium transients in response to glutamate uncaging at both proximal and distal dendritic spines of both types of dendrites (Fig. 2b,c) , demonstrating that active synapses can be detected at distal dendritic spines. Moreover, the sensitivities of the calcium influx to glutamate were similar in the proximal and distal dendritic spines. Inputoutput curves of the calcium transient peak amplitude as a function of uncaging laser intensity were similar in dendritic spines located in proximal and distal locations of both apical and basal parts of the dendritic tree of thalamorecipient neurons (Fig.  2d,e) . Together these results indicated that Th inputs predominantly target dendritic spines that are located within 100 m of the soma of thalamorecipient neurons.
Intracortical inputs form active synapses throughout the dendritic tree of thalamorecipient neurons
If Th inputs synapse only on dendritic spines within a perisomatic area, where do IC inputs synapse? We searched for synaptically connected dendritic spines that responded with calcium transients to IC stimulation in the ACx. We placed the stimulating electrode ϳ200 m laterally from the recorded neurons to avoid stimulating Th inputs. In different sets of experiments, we placed a stimulating electrode at different distances from the pial surface that approximately corresponded to cortical L1, L2/3, or L4 (Fig. 3a) . In addition, we performed similar experiments in slices made in different orientations to ensure that neither rostrocaudal (thalamocortical or horizontal slices) nor dorsoventral (coronal slices) projections were more favored. In all of these experiments, IC stimulation evoked monosynaptic EPSPs in thalamorecipient neurons (mean Ϯ SD onset latency was 5.0 Ϯ 1.3 ms; mean Ϯ SD jitter was 0.37 Ϯ 0.17 ms, analyzed for 17 representative neurons; n ϭ 215) (Fig. 3b) . Using the same approach as in the case of Th inputs, we searched for IC inputs based on calcium transients evoked by low-frequency synaptic stimulation. Calcium transients in IC-connected dendritic spines were evoked with a short onset latency (0.7 Ϯ 1.3 ms, mean Ϯ SD; n ϭ 293) and showed a little jitter (0.7 Ϯ 0.7 ms, mean ϩ SD; calculated from 17 representative neurons) (supplemental Fig. S2d , available at www.jneurosci.org as supplemental material), suggesting a monosynaptic nature of synaptic transmission in these spines. The lack of paired-pulse potentiation or depression between Th and IC inputs (performed in thalamocortical slices only) indicated that IC stimulation did not activate Th axons (data not shown).
Using combined data from all of these experiments, we constructed a composite map of active IC inputs (87 neurons, 272 spines) on a dendritic tree of thalamorecipient excitatory neurons (Fig. 3c) . ICconnected dendritic spines were found on all types of dendrites (supplemental Fig.  S5b , available at www.jneurosci.org as supplemental material). In contrast to Thconnected dendritic spines, IC-connected spines were found at various distances from the soma, inside and outside the perisomatic area occupied by Th-connected dendritic spines (Fig. 3c,d ). On average, IC-connected spines were found 110.
Thalamorecipient neurons receive IC inputs from within the ACx and other parts of the cortex (Lee and Winer, 2008c) , and combined IC inputs appeared to occupy the entire dendritic tree of thalamorecipient neurons. Thus, we questioned whether different IC inputs occupy different parts of the dendritic tree and by summation occupy the entire dendritic tree, or whether they are all widely distributed. To distinguish between these two possibilities, we separately mapped the active dendritic spines that responded to stimulation of areas L1, L2/3, or L4 (Fig. 4) . Because electrical stimulation may cover more than one cortical layer and axons stimulated in a given area do not necessarily originate there, the stimulated cortical areas in our experiments technically did not represent anatomical cortical layers. Nevertheless, we found that stimulation of different cortical areas activated different subsets of dendritic spines on thalamorecipient neurons, indicating a certain degree of selectivity among IC inputs converging on thalamorecipient neurons.
We found that L1-and L2/3-connected spines were widely distributed on dendritic trees, whereas L4-connected spines we predominantly found in the perisomatic area (Fig. 4) . The average distance from the soma for L1-connected spines was 132.5 Ϯ 8.41 m (range, 15-444 m; n ϭ 145) from the soma and that for L2/3-connected spines was 99.1 Ϯ 8.24 m (range, 8 -340 m; n ϭ 83; p Ͼ 0.05, Kruskal-Wallis ANOVA, Dunn's test). L1-and L2/3-connected spines were equally distributed on basal (30 vs 34%), apical (48 vs 48%), and oblique (22 vs 18%) dendrites (supplemental Fig. S5b1,b2 , available at www.jneurosci.org as supplemental material). In contrast, L4-connected spines were located closer to the soma than L1-and L2/3-connected spines ( p Ͻ 0.05, Kruskal-Wallis ANOVA, Dunn's test). Similar to Thconnected spines ( p Ͼ 0.05, Kruskal-Wallis ANOVA, Dunn's test), L4-connected spines were preferentially found in a perisomatic area (56.7 Ϯ 4.71 m; range, 11-150 m; n ϭ 44) and similarly distributed on different types of dendrites (supplemen- Overall, these data show that IC inputs can be found throughout the dendritic tree of thalamorecipient neurons. IC axons that project from ACx supragranular layers L1 and L2/3 form active synapses in a nonselective manner, targeting a substantially wider area of the dendritic tree of thalamorecipient neurons compared with those of Th-connected synapses. In contrast, axons that pass through the granular cortical layer (L4) create active inputs in a more restrictive manner similar to that of Th-connected inputs. Given that thalamorecipient neurons located in L4 are highly interconnected in sensory cortices (Lü bke et al., 2000; Barbour and Callaway, 2008) , overlapping of maps of Th-connected and L4-connected inputs on thalamorecipient neurons may represent the anatomical substrate for amplification of sparse Th synapses in the thalamocortical systems (Bannister, 2005) . Glutamate uncaging reveals similar glutamate sensitivity of calcium transients in proximal and distal dendritic spines on thalamorecipient neurons in the ACx. a, The image of a thalamorecipient neuron filled with Fluo-5F and Alexa 594. Glutamate uncaging targeted dendritic spines in four different locations: (1) distal apical, (2) proximal apical, (3) proximal basal, and (4) distal basal. Scale bar, 100 m. b, Representative images of dendritic spines in the four different locations. Yellow squares represent the sites of glutamate uncaging (0.5 ms exposure). Scale bar, 0.5 m. c, Fluo-5F fluorescence intensity measured in dendritic spines (red) and parent dendritic shafts (green) from b in response to a single pulse of glutamate uncaging (arrow). d, e, Mean Ϯ SEM peak Fluo-5F fluorescence (⌬G/R) intensity as a function of uncaging laser intensity measured in distal (open circles; n ϭ 14 and 11) and proximal (filled circles; n ϭ 12 and 17) dendritic spines of apical (d) and basal (e) dendrites, respectively.
Thalamic and intracortical inputs target morphologically different types of dendritic spines
Do Th and IC inputs target different types of dendritic spines? To address this question, we analyzed the morphology of Th-and ICconnected dendritic spines (Fig. 5) (n ϭ 37 and 272, respectively). Spines on dendritic trees of thalamorecipient pyramidal neurons were classified as mushroom spines, stubby spines, and filopodia (Fig. 5a ). Mushroom and stubby spines (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material) were similarly distributed on basal dendrites ( p Ͼ 0.05, Mann-Whitney U test; 119 and 104 spines, respectively,). However, significantly more mushroom spines than stubby spines were found on apical and oblique dendrites ( p Ͻ 0.001, Mann-Whitney U test; 189 and 47 spines, respectively) (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material).
Th and IC inputs formed active synapses on both stubby and mushroom dendritic spines but not on filopodia (Fig.  5b,c) . Interestingly, short stubby spines were the preferred site for Th inputs (Fig.  5b) , whereas IC inputs were distributed more equally among different spine types and lengths (Fig. 5c) . Although we distinguished between long and short spines, the observed length of a dendritic spine may not reflect its actual length but rather a nonparallel orientation of a spine toward an imaging plane. Assuming that the orientation of dendritic spines is uniform in all directions, we would expect that Th inputs equally target short and long stubby spines. However, the strong preference of Th inputs to synapse on short stubby spines indicated certain specificity. This selectivity suggests two possibilities: either Th-connected stubby spines are indeed short or Th-connected stubby spines are oriented at a certain angle toward the imaging plane. Given that our optical methods cannot distinguish between these possibilities, the only distinction we made in additional experiments was between mushroom and stubby dendritic spines. Th-connected spines were preferentially stubby (75.6% of 37 spines), whereas IC inputs showed no preference toward stubby spines (47.1% of 272 spines).
We next compared whether spine-type selectivity is preserved in a perisomatic area in which Th and IC inputs overlap. Almost all (96%, 35 of 37) of Th inputs and 60% (163 of 272) of IC inputs were found within 100 m of the soma. Of these perisomatic synapses, 80% (28 of 35) of Th inputs preferentially targeted stubby spines, whereas IC inputs showed no preference toward stubby spines (48% of 163 spines). These data show selectivity of Th but not IC inputs toward stubby spines.
Interestingly, peak amplitudes of calcium transients evoked in Th-and IC-connected dendritic spines were similar. Thus, during synaptic stimulation, Fluo-5F fluorescence increased by 175.6 Ϯ 17.2% (n ϭ 35), 151.2 Ϯ 7.3% (n ϭ 128), 143.1 Ϯ 7.9% (n ϭ 86), and 162.0 Ϯ 10.8% (n ϭ 53; p Ͼ 0.05, Kruskal-Wallis one-way ANOVA on ranks) in Th-, L1-, L2/3-, and L4-connected spines, respectively. Similarly, peak amplitudes of calcium transients did not depend on morphology of dendritic spines (data not shown). These data suggested that Th and IC inputs do not differ in their abilities to release neurotransmitter. To test this hypothesis further, we measured the probability of calcium transients (P Ca ) in Th-and IC-connected dendritic spines (supplemental Fig.  S7 , available at www.jneurosci.org as supplemental material). Previous studies indicated that P Ca is a measure of neurotransmitter release (determined by the probability of neurotransmitter release at each release site and the number of functional release sites) (Yuste and Denk, 1995; Yuste et al., 1999; Emptage et al., 2003) . The P Ca was measured as the ratio of calcium transient occurrences to the total number of stimuli delivered during a lowfrequency train (supplemental Fig. S7a , available at www.jneurosci.org as supplemental material). Indeed, the adenosine receptor antagonist 1,3-dipropyl-8-(psulfophenyl)xanthine (10 M), which relieves tonic presynaptic inhibition in glutamatergic synapses (Dunwiddie et al., 1981; Bayazitov et al., 2007) , substantially increased the P Ca , indicating that P Ca is a reliable indicator of presynaptic function at thalamocortical and IC synapses (supplemental Fig. S7b , available at www.jneurosci.org as supplemental material). We found that the P Ca was not significantly different between Th (0.57 Ϯ 0.05; n ϭ 33) and IC (0.51 Ϯ 0.02; n ϭ 185; p ϭ 0.21, Mann-Whitney U test) inputs, nor was the P Ca dependent on the distance of Th and IC inputs from the soma (supplemental Fig.  S7c,d , available at www.jneurosci.org as supplemental material).
Together, these data suggest that individual Th inputs and IC inputs in mouse ACx differ in their locations on the dendritic tree of thalamorecipient neurons and in the type of dendritic spines they target but not in properties of neurotransmitter release at individual synapses.
Activation of proximal or stubby dendritic spines produces larger EPSPs
Our findings indicate that Th inputs predominantly occupy stubby dendritic spines located within 100 m of the cell body. Does activation of either proximal spines or stubby spines produce a stronger response in thalamorecipient neurons?
First, we quantified the relationship between the distance of a dendritic spine along the dendrite and the somatic EPSP evoked by activation of this spine (Fig. 6) . In these experiments, we used NBQX-free external solution to record glutamate uncaging-evoked EPSPs (uEPSPs) in several dendritic spines at various distances from the cell body in either basal or apical dendrites (Fig. 6a) . These experiments were done on mushroom dendritic spines because of their relative abundance on apical dendrites (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). We adjusted the power of the uncaging laser to produce a uEPSP in the most proximal dendritic spine (located Ͻ30 m from the soma) that mimicked mEPSPs (amplitude, 0.44 Ϯ 0.15 mV; n ϭ 859) (Fig. 6b) . Once uEPSPs of ϳ0.4 mV were established in a proximal dendritic spine, we measured Alexa 594 bleaching (typically 25-40%) in the spine (Fig. 6c) . Because local laser excitation controls both Alexa 594 bleaching and glutamate uncaging (Bloodgood and Sabatini, 2007) , we adjusted the power of the uncaging laser to keep the same level of Alexa 594 bleaching in all targeted dendritic spines in the same experiment, thus delivering the same amount of glutamate to all targeted dendritic spines. Indeed, local calcium transients were similar in targeted dendritic spines (Fig. 6c) . However, uEPSPs recorded in the soma attenuated dramatically when we activated dendritic spines farther from the soma (Fig. 6c,d) .
Overall, we found a similar strong forward attenuation of uEPSP peak amplitudes along basal dendrites (length constant, ϭ 44.0 m; n ϭ 168 uEPSPs measured at 17 spines in 7 neurons) and apical dendrites ( ϭ 45.7 m; n ϭ 162 uEPSPs mea- Figure 4 . Maps of active intracortical inputs on dendritic trees of thalamorecipient pyramidal neurons found in response to L1, L2/3, or L4 stimulation. a1, b1, c1, Diagrams of a thalamocortical slice showing the site of L1 (a1), L2/3 (b1), and L4 (c1) stimulation relative to the recorded thalamorecipient neuron (blue). a2, b2, c2, Examples of Alexa 594 reconstructions of pyramidal thalamorecipient neurons showing locations (colored dots) in which active spines were detected in response to L1 (a2), L2/3 (b2), and L4 (c2) stimulation. a3, b3, c3, Cartesian coordinates represent the placement of L1-connected (a3; n ϭ 145), L2/3-connected (b3; n ϭ 83), and L4-connected (c3; n ϭ 44) inputs along the dendritic trees, in which the coordinates of the soma are 0,0. a4, b4, c4, Frequency histograms of distances of active L1 (a4 ), L2/3 (b4 ), and L4 (c4 ) inputs measured along dendrites from the cell soma of thalamorecipient pyramidal neurons. Negative values denote basal dendrites, and positive values denote apical and oblique dendrites. Hipp, Hippocampus.
sured at 17 spines in 8 neurons) (Fig. 6d) , indicating that the somata of thalamorecipient neurons are capable of detecting single uEPSPs primarily from inputs located in a perisomatic area that is distributed equally on basal and apical branches. In addition, rise times of uEPSPs increased significantly with distance from the soma on both basal (r 2 ϭ 0.73; n ϭ 14; p Ͻ 0.01) and apical (r 2 ϭ 0.53; n ϭ 15; p Ͻ 0.01) dendrites (supplemental Fig.  S8 , available at www.jneurosci.org as supplemental material), consistent with the idea that somatic time course of unitary EPSPs is a predictor of synapse location (Redman and Walmsley, 1983; Magee and Cook, 2000) . Similar to our results, strong forward attenuation ( ϭ 50 m) of subthreshold EPSPs has been reported in basal dendrites of L5 neocortical rat neurons (Nevian et al., 2007) . Previous attempts to estimate forward attenuation in apical dendrites of cortical L5 and hippocampal CA1 neurons by using patch recordings from different dendritic locations revealed substantially weaker attenuation ( ϭ ϳ200 -270 m) (Magee and Cook, 2000; Berger et al., 2001) , perhaps reflecting the specialized computational roles played by apical dendrites of different classes of neurons.
These results indicate that the proximity of active dendritic spines to the soma is important for delivering EPSPs from these spines to the soma, and this proximity contributes to the amplitude of these synaptically evoked potentials. Measured length constants of attenuation imply that activation of an individual dendritic spine located farther than 100 m from the soma (Fig. 6d) on basal and apical dendrites may have a minor effect on somatic depolarization and, therefore, contribute little to the generation of action potentials. Conversely, activation of a proximal dendritic spine located within 100 m of the soma will make a greater contribution to depolarization of the cell body and the generation of action potentials. Because nearly all Th inputs were within 100 m of the soma, we conclude that Th-connected dendritic spines have an advantage over supragranular IC-connected dendritic spines in depolarizing the soma of thalamorecipient neurons.
Because Th inputs favored stubby spines, we next addressed whether the morphology of dendritic spines contributes to the effectiveness of thalamocortical projections. We compared uEPSPs at stubby dendritic spines with those evoked at nearby mushroom spines. Our analysis revealed that Th inputs preferentially target dendritic spines located on secondorder dendrites (supplemental Fig. S9 , available at www.jneurosci.org as supplemental material). Therefore, we located second-order dendrites within 100 m of the soma, in which both stubby and mushroom spines were within 10 m of each other (Fig. 7a) and then compared uEPSPs evoked by the same amount of glutamate at these two spines. As described previously, we adjusted the power of the uncaging laser to evoke uEPSPs of 0.4 mV to mimic mEPSPs (Fig. 6b) at the stubby dendritic spine and delivered the same laser power to the neighboring mushroom spine. We found that uncaging glutamate evoked significantly smaller uEPSPs in mushroom spines than in stubby spines (Fig. 7b,c) . On average, uEPSPs in mushroom spines (0.178 Ϯ 0.038 mV) were 52 Ϯ 3.1% the amplitude of uEPSPs recorded from nearby stubby spines (0.349 Ϯ 0.024 mV; 11 spine pairs, 7 neurons; p ϭ 0.013, Mann-Whitney U test). These data show that activation of stubby dendritic spines more effectively depolarizes the soma than activation of mushroom dendritic spines.
In summary, we presented maps of active Th and IC inputs on dendritic trees of thalamorecipient neurons in the mouse ACx. Th inputs typically synapsed onto short stubby dendritic spines on Figure 5 . Thalamic inputs but not intracortical inputs specifically synapse on stubby dendritic spines. a, Morphological types of dendritic spines found on thalamorecipient pyramidal neurons are classified as follows: a1, long mushroom; a2, short mushroom; a3, long stubby; a4, short stubby; and a5, filopodia. Scale bar, 0.5 m. b, c, Frequency histograms showing the percentage of thalamic (b; n ϭ 37), intracortical (c; n ϭ 272), L1 (c1; n ϭ 145), L2/3 (c2; n ϭ 83), and L4 (c3; n ϭ 44) inputs synapsing on the five morphological types of dendritic spines.
second-order dendrites located within 100 m of the soma. We also showed that spine location and morphology influence the strength of somatic EPSPs, providing Th inputs with an advantage over IC inputs. Thus, spine location and morphology may contribute to the effectiveness of thalamocortical pathways in the ACx.
Discussion
Thalamorecipient pyramidal neurons in the ACx are primary cortical recipients of acoustic information from the outside world. These neurons receive inputs from various regions within the cortex and the thalamus. These multiple inputs converge on dendritic trees of thalamorecipient neurons, providing cortical neurons with a plethora of information. IC inputs substantially outnumber Th inputs (Benshalom and White, 1986) ; therefore, it is clear that Th inputs require certain distinguishing properties that allow them to reliably deliver acoustic information to the cortex. We hypothesized that Th inputs use advantages in location of synaptic connection on dendritic trees of thalamorecipient neurons to achieve effectiveness. To test this hypothesis, we identified the precise locations of active Th and IC inputs on dendrites of these neurons. By imaging calcium signals in single dendritic spines, we ensured that all detected synaptic contacts are functional rather than putative. The locations of all synaptically connected dendritic spines were used to construct composite maps of Th and IC inputs on thalamorecipient pyramidal neurons in the ACx. We also char- . c, Representative traces of uEPSPs (top black traces) evoked by two-photon uncaging (arrow) measured at the soma and calcium transients (middle blue traces) and Alexa 594 bleaching (red traces) measured in a dendritic spine of the same neuron. d, Peak uEPSPs as a function of distance generated at mushroom spines along basal and apical dendrites of thalamorecipient neurons. Each data point is an average of 5-16 uEPSPs; length constants were calculated from raw data (n ϭ 168 uEPSPs generated along basal dendrites at a total of 17 sites in 7 neurons; n ϭ 162 uEPSPs generated along apical dendrites at a total of 17 sites in 8 neurons). Figure 7 . Activation of stubby dendritic spines produces a larger uEPSP in thalamorecipient neurons. a, Image of a secondorder dendrite with a short stubby spine and a nearby mushroom spine on which glutamate was uncaged (yellow squares) for 0.2 ms. Scale bar, 1 m. b, Examples of single uEPSPs evoked by a pulse of glutamate uncaging (arrow) at a short stubby dendritic spine (black) and at the neighboring mushroom (red) dendritic spine in the neuron from a. c, Filled circles represent peak uEPSP amplitudes (averaged from 5-10 uEPSPs) measured at stubby spines and neighboring mushroom spines (11 stubby-mushroom spine pairs from 7 neurons) located on second-order dendrites within 100 m of the soma. Also shown are the means Ϯ SEM calculated from all experiments. *p Ͻ 0.001 (paired t test).
acterized the morphological and functional properties of individual dendritic spines connected to the various inputs.
We presented evidence that Th inputs cluster within a perisomatic area of dendritic trees of thalamorecipient neurons. Specifically, Th-connected synapses are located on all types of dendrites (basal, oblique, and apical) within a 100 m perimeter of the soma, predominantly on second-order dendrites. In contrast, combined IC inputs were more dispersed and occupied the entire dendritic tree. Thus, our data argue against the assumption that Th and IC inputs are both distributed randomly on dendrites of thalamorecipient neurons. Instead, here we show that Th inputs form synapses in certain locations, whereas IC inputs occupy the entire dendritic tree. Our data confirm the model that was developed for the cat visual cortex and suggest that few Th inputs synapse on proximal dendrites whereas the substantially greater number of IC inputs are broadly distributed on dendrites of thalamorecipient neurons (Ahmed et al., 1994; Anderson et al., 1994; Douglas et al., 1995; Douglas and Martin, 2007) .
The proximity to the soma may provide an advantage for Th inputs over IC inputs and facilitate a reliable flow of sensory information to the cortex. The position of synapses on a dendritic tree is an important factor in determining the amplitude and shape of synaptic potentials delivered to the soma (Jack and Redman, 1971 ). The close proximity of Th inputs to the soma may limit the attenuation of postsynaptic potentials characteristic for distal synapses and attributable to the cable properties of dendrites (Rall, 1967; Williams and Stuart, 2002; Nevian et al., 2007) . We also described a broader distribution of IC inputs that was primarily the result of a wide dispersion of inputs responding to stimulation of supragranular L1 and L2/3 layers but not the thalamorecipient layer L4.
One limitation of this study is that it was done in brain slices. Although slice preparations are widely used to examine synaptic dynamics or plasticity, it is questionable whether the slice preparation is appropriate for the examination of cellular circuits, particularly when attempting to examine the role of the remote structures such as the thalamus. Therefore, the fact that this study was performed in vitro should be kept in mind when evaluating the data and its potential implications. Our results, which indicate that thalamic inputs occupy selective parts of dendritic trees of thalamorecipient neurons in the ACx, may arise from an incomplete circuit and may underestimate the role of the thalamus. It is possible that similar experiments performed in vivo could potentially lead to very different results, because all synaptic inputs would be intact. However, the facts that all thalamic inputs were found within 100 m from the soma regardless of the depth of a thalamorecipient neuron in a slice and thickness of a slice and all analyzed neurons had intact dendritic trees strongly argue against the possibility of thalamic axons targeting the distal parts of dendritic tree of thalamorecipient L3/4 neurons. Indeed, anterograde tracing in primary thalamocortical slices has shown that thalamic axons terminate mostly in L3/4 rarely reaching supragranular cortical layers in which the distal parts of apical dendrites are located (Cruikshank et al., 2002) .
Although combined IC and Th inputs occupied different areas on dendritic trees, their locations were not mutually exclusive. Th inputs and 60% of IC inputs were found in the perisomatic area. What additional mechanisms may provide Th inputs an advantage over nearby IC inputs? We found that Th inputs primarily synapse on short stubby dendritic spines, whereas IC inputs have a preference toward mushroom spines. The short length and wide neck of short stubby spines suggest that neck resistance is minimal in these spines relative to other types of dendritic spines.
Some evidence indicates that spine neck resistance is not homogenous in pyramidal neurons and may range from 1 to 1000 M⍀ (Svoboda et al., 1996; Bloodgood and Sabatini, 2005) . Therefore, we hypothesized that Th inputs preferentially targeting stubby dendritic spines may use dendritic spine morphology as a second advantage over IC inputs.
Using two-photon glutamate uncaging, we showed that the amplitude of a postsynaptic potential recorded in the soma depends on proximity and morphology of activated dendritic spines. Indeed, uncaging glutamate at dendritic spines at different distances from the soma revealed a strong attenuation ( ϭ ϳ45 m) of postsynaptic potentials in both basal and apical dendrites. Given that the average distances of Th and IC inputs are ϳ49 and 110 m from the soma, respectively, Th inputs are situated more favorably to contribute to depolarization of the soma and eventually to the generation of action potentials in thalamorecipient neurons.
Furthermore, two-photon glutamate uncaging revealed that the activation of stubby dendritic spines produces significantly larger postsynaptic potentials than does the activation of neighboring mushroom dendritic spines. Thus, even at the same distance from the soma, Th inputs that target stubby spines have an advantage over IC inputs located on mushroom dendritic spines in depolarizing the soma. The larger postsynaptic potentials seen in response to activation of stubby spines compared with mushroom spines may be explained by differences in their spine neck width and eventually to spine neck resistance. Alternatively, the possibility of a higher number of AMPARs in postsynaptic densities of stubby spines should be considered.
We found that Th and IC inputs did not differ in their individual presynaptic properties, as evident by measurements of peak amplitudes of calcium transients and P Ca ; therefore, it is unlikely that thalamocortical projections in ACx achieve their advantage over IC projections through such presynaptic mechanisms as an increase in the probability of neurotransmitter release or the number of release sites at a single synapse. Interestingly, previous works in thalamocortical slices containing the somatosensory cortex indicated that Th inputs have three times more release sites per axon than IC inputs (Gil et al., 1999; Amitai, 2001) . In contrast, the difference in probability of neurotransmitter release between Th and IC inputs determined by electrophysiological methods was substantially smaller: it was 1.5-fold higher in Th synapses compared with IC synapses (Gil et al., 1999) . Together with our results, these data suggest that a thalamic axon forms more synaptic contacts with thalamorecipient neurons than an IC axon. However, a difference between neurotransmitter release properties at individual TC and IC synapses is more subtle in both ACx and the somatosensory cortex.
In addition to reliably receiving sensory information from the thalamus, the ACx is very plastic. The ACx receptive fields change in response to alterations of neural activity or sensory experience (Kilgard and Merzenich, 1998; Fritz et al., 2003; Weinberger, 2004; Froemke et al., 2007) . It is important that plastic changes in the ACx during learning should not compromise the effectiveness of thalamocortical projections and consequently the reliability of the delivery of acoustic information to the ACx. Given that Th inputs preferentially make synapses on stubby spines and recent data showing that mushroom spines are the primary site of synaptic plasticity in pyramidal neurons (Matsuo et al., 2008) , it is tempting to speculate that synaptic plasticity in mushroom spines of thalamorecipient neurons may underlie plastic changes in receptive fields that occur in the ACx during learning, whereas synaptic transmission via stubby spines guarantees reliable deliv-ery of sensory information from the thalamus to the cortex (Nahmani and Erisir, 2005) .
In conclusion, our data suggest that fewer Th inputs occupying select locations (stubby spines located close to the soma) outperform more numerous IC inputs occupying less optimal locations on dendritic trees of thalamorecipient neurons. Here we propose that these mechanisms alone, or in concert with previously suggested mechanisms (Douglas et al., 1995; Stratford et al., 1996; Gil et al., 1999; Lübke et al., 2000; Bruno and Sakmann, 2006) , may contribute to the reliability of sensory information delivery to the cortex.
